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Abstract
Background
Knowledge of accurate gestational age is required for comprehensive pregnancy care and
is an essential component of research evaluating causes of preterm birth. In industrialised
countries gestational age is determined with the help of fetal biometry in early pregnancy.
Lack of ultrasound and late presentation to antenatal clinic limits this practice in low-
resource settings. Instead, clinical estimators of gestational age are used, but their accuracy
remains a matter of debate.
Methods
In a cohort of 688 singleton pregnancies from rural Papua New Guinea, delivery gestation-
al age was calculated from Ballard score, last menstrual period, symphysis-pubis fundal
height at first visit and quickening as well as mid- and late pregnancy fetal biometry. Pub-
lished models using sequential fundal height measurements and corrected last menstrual
period to estimate gestational age were also tested. Novel linear models that combined
clinical measurements for gestational age estimation were developed. Predictions were
compared with the reference early pregnancy ultrasound (<25 gestational weeks) using
correlation, regression and Bland-Altman analyses and ranked for their capability to predict
preterm birth using the harmonic mean of recall and precision (F-measure).
Results
Average bias between reference ultrasound and clinical methods ranged from 0–11 days
(95% confidence levels: 14–42 days). Preterm birth was best predicted by mid-pregnancy
ultrasound (F-measure: 0.72), and neuromuscular Ballard score provided the least reliable
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preterm birth prediction (F-measure: 0.17). The best clinical methods to predict gestational
age and preterm birth were last menstrual period and fundal height (F-measures 0.35). A lin-
ear model combining both measures improved prediction of preterm birth (F-measure: 0.58).
Conclusions
Estimation of gestational age without ultrasound is prone to significant error. In the absence
of ultrasound facilities, last menstrual period and fundal height are among the more reliable
clinical measures. This study underlines the importance of strengthening ultrasound facili-
ties and developing novel ways to estimate gestational age.
Introduction
Knowledge of gestational age (GA) is a prerequisite for the provision of optimal care to moth-
er, fetus and neonate. Examples include the monitoring of maternal weight gain through the
course of the pregnancy [1], the administration of steroids in women with suspected pre-term
labour [2], ultrasound detection of suboptimal fetal growth, as well as intensified observation
and management of preterm newborns (preterm birth [PTB],< 37 weeks gestation). Addi-
tionally, precise estimates of GA are required to identify causes of, and evaluate interventions
to prevent, PTB and fetal growth restriction (FGR) and their respective contribution to the
high burden of low birthweight (< 2,500g) in low-resource settings [3]. Low birthweight is as-
sociated with maternal undernutrition and malaria; increases infant mortality rates and pre-
disposes to ill health in adult life [4,5].
In industrialised countries GA is usually estimated with the help of fetal biometric measure-
ments taken in early pregnancy [6]. Ultrasound-predicted GA according to fetal crown-rump
length (head circumference or femur length in early second trimester) is used to corroborate
estimated delivery dates as per last menstrual period (LMP), and in cases of absent LMP (un-
known, highly irregular menstrual cycles) or significant disagreement, GA is estimated by first
trimester ultrasound alone [6]. In low-resource environments high-quality fetal biometric mea-
surements can be obtained by locally trained health workers and the acceptability of ultrasound
appears to be good [7–10]. However, ultrasound machines and training are costly, and may not
be a priority in resource-constrained countries with fragile health care systems. This, together
with late presentation to antenatal clinic, currently precludes widespread use of sonographic
early pregnancy dating in these settings [11,12]. Instead, health workers rely on other means of
estimating GA, particularly when operating in poorly-resourced rural areas. Available alterna-
tives include LMP, symphysis pubis-fundal height (SFH) (single or multiple measurements)
[13,14], quickening, neonatal physical and neurological maturity assessments (Dubowitz or
Ballard score [BS]) [15,16], and mid- and late pregnancy fetal biometry [7]. Their accuracy to
predict gestational age at delivery may be suboptimal [17].
Papua New Guinea (PNG) is a developing country in the South Pacific with a largely rural
population and high maternal and infant mortality rates [18,19]. Ultrasound is a scarce com-
modity in the public sector [20], and late presentation to antenatal clinic is a frequent occur-
rence [21,22]. Little is known about the precision and usefulness of clinical estimators of GA in
PNG despite their frequent use [23].
We compared the performance of established alternative estimators of GA in a cohort of Mela-
nesian women from rural PNG with fetal biometry in the first half of pregnancy and assessed
whether combination of various measures in mathematical models could improve GA estimation.
Comparative Estimation of GA in Women from Rural Papua New Guinea
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Materials and Methods
Study location
Data collection for this research was conducted between November 2009 and December 2012
at eight health facilities in the Madang municipality on the North coast of PNG. The burden of
low birthweight in the study area is high [24–27], and pregnancy care is largely provided by
government or church-based health centres with no or limited access to ultrasound.
Study design
Data were collected as part of a randomised controlled trial investigating the impact of inter-
mittent preventive treatment in pregnancy with azithromycin-containing regimens to reduce
low birthweight (NCT01136850) [26]. The present study assessed the performance of different
established clinical measures (individually or in combination) to determine GA and detect
PTB, using early pregnancy fetal biometry as the reference method for pregnancy dating. Fur-
thermore we evaluated the combination of measures in mathematical models.
3Women enrolled in the parent trial (age 16–49 years, singleton pregnancy, no co-morbidi-
ties, SFH26 cm) were offered an obstetric ultrasound scan within a week of enrolment and
were included in the present evaluation if they were<25 weeks gestation according to fetal bi-
ometry. Socio-demographic characteristics were evaluated and a clinical examination was per-
formed at the enrolment visit. Participants were provided with insecticide-treated bed nets and
trial interventions. Women were scheduled for two further antenatal study visits and followed
until delivery. Birthweights were recorded using electronic infant scales (Cupid 1, Charder Med-
ical, Taiwan; precision: 10 g). Pregnancies complicated by miscarriage, stillbirth, congenital ab-
normality or events resulting in withdrawal from the parent trial were excluded from this
analysis (Fig 1). Research nurses were masked to delivery GAs assigned by each method.
Gestational age estimation
Reference pregnancy dating was performed according to British Medical Ultrasound Society
guidelines using crown-rump length at 6–13 gestational weeks, or head circumference (femur
length if unavailable [n = 14]) at 13–25 gestational weeks to estimate GA [6]. A subset of
women underwent mid-pregnancy (25w0d [175 d] to 29w6d [209 d]) and late-pregnancy scans
(30w0d [210 d] to 35w6d [252 d]): here GA was estimated as per Hadlock et al., using a combi-
nation of head circumference, abdominal circumference, femur length and biparietal diameter
measurements [28]. Study clinicians trained in obstetric ultrasound (MO, HWU) took biomet-
ric measurements using a portable scanner (Logiqbook XP, General Electric Medical Systems,
UK). Ten percent of ultrasound image stills were randomly selected for external quality control
(Dr J Walker, Royal Infirmary of Edinburgh, United Kingdom) and 92.5% of images fulfilled
the quality criteria (images that did not pass quality control were excluded from all analyses)
[6]. Inter-observer variability was evaluated in ten fetuses, and issues regarding measurement
precision were addressed.
Clinical measures to predict GA (collected by a total of 27 research nurses) are summarised
in Table 1. The measurements included SFH [13], LMP, quickening and postnatal matura-
tional assessment using BS [16]. Nurses underwent biannual training sessions led by research
clinicians to ensure collection of high-quality data. Training used pictorial guides based on the
work by Ballard et al [16] and produced by the Malaria in Pregnancy Consortium. Each theo-
retical training session was followed by supervised maturational assessments on newborns not
included in the present study. Areas requiring improvement were highlighted and further indi-
vidual training provided as necessary. There was no external quality control of BS assessments.
Comparative Estimation of GA in Women from Rural Papua New Guinea
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BS were included in analyses if measured within 96 hours of delivery [16], and were assessed
as total, external and neuromuscular BS, according to established methodology [16,29]. GA in
days from BS was estimated using Eq 1:
BSðdaysÞ ¼ 7 ð2 BSþ 120Þ
5
ð1Þ
GA by LMP (defined as the first day of the last menstrual bleed, relying upon recall of the
women) was calculated assuming a regular 28-day cycle for all women (cycle characteristics data
Fig 1. Participant Flowchart.
doi:10.1371/journal.pone.0124286.g001
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was not collected). Quickening was defined as the date the mother started feeling fetal move-
ments, and information was collected for a subset of women.
SFH was defined as the distance between the upper border of the symphysis pubis (palpated
with right index and middle finger) and the uterine fundus (palpated with the lateral aspect of
the assessor’s left hand), and measured at enrolment and at two subsequent study visits. Prior
to examination, women were asked to empty their bladder. Once a woman had assumed a su-
pine position, SFH was measured (to the nearest cm) using a standard soft tape measure. To
avoid observer bias, initial placement of the measuring tape purposely occluded view of the
scale by inverting the tape and the scale was only revealed once the SFH had been palpated.
We assessed the performance of two published models estimating GA at delivery from
SFH measurements (for details please refer to [13]). The first model is a linear model based on
a single SFH measurement taken at first antenatal visit. The second model uses sequential SFH
measurements. This model was developed in a study that collected a large number of SFH mea-
surements during each individual pregnancy, estimating GA using all possible triplet combina-
tions between these SFH values. Since in our study a maximum of three SFH measurements
were collected per pregnancy, only one such combination (i.e. SFH1, SFH2, SFH3) could be
calculated [13]: analysis was restricted to SFHs measured14 days apart.
Furthermore, we assessed the performance of a clinical algorithm that is currently recom-
mended for use in PNG when ultrasound is unavailable (LMP) [26]. The algorithm proposes
correction of LMP-based GA estimates if found> 3 weeks different from SFH, at which point
GA is estimated according to SFH and quickening [26]. This analysis was restricted to women
with an SFH at first antenatal visit in the range of 20–35 cm (SFH is assumed to equal GA in
gestational weeks), as only a small number of women had SFH measurements below this range.
Since quickening data was not available for all women, values were imputed based on the as-
sumption that primigravidae and multigravidae start feeling fetal movements at 20 and 18
weeks gestation, respectively, as per PNG guidelines. [30]
Lastly, we evaluated the performance of multiple linear regression models combining the es-
tablished GA estimates in order to assess whether PTB prediction could be improved.
Data analysis
Data were double-entered into the trial database (FoxPro 9.0, Microsoft, USA) and analyses
were performed using STATA 12.0 (StataCorp, College Station, TX, USA), Mathematica 9.0
(Wolfram Research, Champaign, IL, USA), R 3.1.1 [31], Microsoft Excel and GraphPad Prism
6.0 (GraphPad Inc, La Jolla, CA, USA). A sample size calculation was performed for the parent
trial but not for the present study.
Table 1. Abbreviations for Clinical Measures Used the Text.
Method Abbreviation
Ballard Score (external) BS(e)
Ballard Score (neuromuscular) BS(n)
Ballard Score (total) BS(t)
Last Menstrual Period LMP
Symphysis pubis fundal-height (linear model) [13] SFH (linear)
Symphysis pubis fundal-height (sequential model) [13] SFH (sequential)
Corrected last menstrual period based on PNG guidelines [30] LMP*
Note: LMP* is the corrected last menstrual period based on PNG guidelines.
doi:10.1371/journal.pone.0124286.t001
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Bland-Altman analyses (for mean bias and 95% confidence levels of agreement [LOA]), or-
thogonal regression (for regression coefficients), intraclass correlation, and Lin’s concordance
analyses were used to assess correlation [32,33]. Note that an average bias close to 0 indicates
better accuracy and narrow LOA correspond to more precise measurements. The intraclass
and concordance correlation coefficients are measures of reliability and reproducibility be-
tween methods with higher coefficients indicating better agreement (values<0.3 are usually re-
garded as low, 0.3–0.7 as moderate and>0.7 as strong correlation). Sensitivity, specificity and
predictive values of each method to predict PTB were calculated following two-way tabulation
and the performance of methods was ranked based on their location in the receiver operating
characteristic space using F-measures (F-harmonic means of sensitivity and positive predictive
value and a surrogate for the area under the receiver operating characteristic curve).
In addition, six multiple linear regression models with different combinations of clinical
measures as covariates were fitted to predict GA at delivery. The multiple linear regression
model with the best predictive accuracy was selected according to k-fold cross-validation and
the F-measure.
Other analyses included assessments of the potential impact of the timing and assessor of
BS on GA estimation precision as well as exclusion of outliers from LMP analyses.
Ethics
All women provided written informed consent at recruitment. The study was approved by the
PNG Institute of Medical Research Institutional Review Board (0815), the PNGMedical Re-
search Advisory Council (08.01) and the Melbourne Health Human Research Ethics Commit-
tee (2008.162). Data used in this study were routinely collected as part of the trial protocol.
Results
Of 2,793 women enrolled in the parent trial, 857 had a reference USS (i.e., scan before 24
weeks). Of these women, 735 had a complete pregnancy outcome follow-up (Fig 1). Twenty-
two women (3.0%) had a miscarriage or stillbirth, six (0.8%) had a newborn with a congenital
abnormality, two were twin pregnancies, and a further 17 were excluded as the exact date of de-
livery was unknown, leaving a final cohort of 688 women for analysis. Half of the women were
primigravid, two-thirds resided in rural areas and the majority was literate (Table 2).
Mean GA at enrolment by reference USS was 136 days (SD 27; range 39–174), and mean
GA at delivery was 275 days (SD 12; range 179–306). Birthweights were available for 660 of
688 infants (95.9%): the mean birthweight was 2,927 g (SD 484; range 900–4,250) and 45.5%
(299/657) were male newborns. The prevalence of low birthweight was 15.5% (102/660). Only
2.9% (20/688) of pregnancies were dated using crown-rump length due to late first attendance
at antenatal clinic.
Agreement between established methods
The distribution of GA estimates by reference USS in comparison to the other evaluated meth-
ods is given in Fig 2 (and, in more detail, in S1 Fig).
Table 3 summarises the correlation statistics for GA at delivery in days (mean bias, intra-
class correlation and concordance correlation), and Fig 3 shows the corresponding Bland-Alt-
man plots. Correlation plots and best fit curves of orthogonal regression analyses are provided
in S2 Fig
Mid- and late-pregnancy USS tended to be associated with increasing discordance to the ref-
erence method, however mid-pregnancy scans still resulted in reasonably good agreement with
the reference. Agreement between clinical estimates and the reference varied, with intraclass
Comparative Estimation of GA in Women from Rural Papua New Guinea
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and concordance correlation coefficients ranging from 0.09 to 0.59 and 0.13 to 0.64 respective-
ly. The average bias was generally low (mostly less than ±6 days, Table 3). Overall, BS estimates
correlated least well with the reference estimates (Table 3, ICC: 0.09–0.19 and concordance:
0.13–0.22), and the established SFH models, LMP and LMP correlated better, with narrower
levels of agreement (Table 3, ICC: 0.48–0.59; Concordance: 0.38–0.64).
In almost all Bland-Altman analyses we observed statistically significant (Pearson correla-
tion) positive associations between the differences and the averages of the paired measurements
(Fig 3). Therefore, the clinical estimates showed a tendency, which was often strong, to further
underestimate lower estimates of GA. S1 Table shows linear regression coefficients for average
GA vs. difference in GA as determined by each clinical estimator against the reference method
(i.e., a linear regression performed on the Bland-Altman data). Based on this regression it
should be possible to further correct clinical estimates of GA by linear transformation; howev-
er, further studies and extensive comparisons with other datasets would be required to deter-
mine whether such a correction would be justified and produce reliable estimates
across populations.
Performance of methods to predict PTB
According to reference ultrasound 5.2% of neonates were preterm. The positive trend between
averages and differences when comparing methods pairwise, which was observed for most of
the clinical estimators, resulted in numerous false positive PTB predictions for most methods,
specifically BS, LMP, late-pregnancy scans, SFH linear model, Quickening and LMP. Table 4
summarises the performance of the methods to predict PTB in terms of sensitivity, specificity,
Table 2. Enrolment Characteristics of Pregnant Women (n = 688) from Rural Madang Province, Papua
NewGuinea, 2009–2012.
Characteristic Mean ± SD or % (n)
Age (years) 24.3 ± 5.4
Mid-upper arm circumference (cm) 24.0 ± 2.8
Body mass index (kg/m2) 22.7 ± 3.1
Height (cm) 153.9 ± 5.9
Literate (3 years of formal schooling) 90.7 (624)
Gravidity
1 52.3 (360)
2 22.1(152)
>3 25.6 (176)
Anaemia (< 70 g/L) 6.5 (45)
Malaria* 14.8 (102)
Smoker 17.6 (121)
Rural residence 58.2 (399)
Maternal ethnic grouping
Madang/Morobe 14.7 (101)
Sepik 53.6 (369)
Highlands 8.1 (56)
New Guinea islands 4.2 (29)
Mixed PNG 19.3 (133)
Note: SD, standard deviation.
*by light microscopy and/or qPCR
doi:10.1371/journal.pone.0124286.t002
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predictive values, accuracy and F-measures. Fig 4 provides a graphical representation of the
methods’ positioning in the receiver operating characteristic space including F-measure isolines.
When judging method performance to predict PTB by using F-measures, mid-pregnancy USS
performed best (F-measure: 0.72) followed by the SFH (sequential model, 0.41). The order of the
Fig 2. Box-and-Whisker Charts of Estimated GA at Delivery by Method. The continuous bold line denotes the median of the reference and dashed lines
denote 5% and 95% centiles of the reference.
doi:10.1371/journal.pone.0124286.g002
Table 3. Comparison of Clinical and Late Ultrasound Estimates of Gestational Age Against Reference Ultrasound.
Method Average bias (95% LOA) ICC (SE) Concordance(SE)
Ballard Score (external) 1 (-41, 42) 0.11 (0.05) 0.21 (0.03)
Ballard Score (neuromuscular) 11 (-25, 46) 0.09 (0.05) 0.13 (0.03)
Ballard Score (total) 6 (-27, 39) 0.19 (0.06) 0.22 (0.03)
Last Menstrual Period (LMP) 3 (-37, 44) 0.48 (0.05) 0.38 (0.03)
Scan between 25 & 29 GW -2 (-16, 11) 0.85 (0.04) 0.85 (0.02)
Scan between 30 & 35 GW -5 (-22, 13) 0.58 (0.08) 0.66 (0.04)
SFH (linear model) 0 (-26, 26) 0.59 (0.09) 0.64 (0.02)
SFH (sequential model) 4 (-19, 26) 0.57 (0.22) 0.52 (0.03)
Quickening -6 (-46, 35) 0.43 (0.15) 0.36 (0.07)
LMP* -3 (-36, 30) 0.57 (0.06) 0.50 (0.03)
Note: LOA, 95% conﬁdence levels of agreement (in days); SE, standard error; GW, gestational weeks; LMP, last menstrual period; LMP*, corrected last
menstrual period based on PNG guidelines; SFH, symphysis-pubis fundal height; ICC, Intraclass correlation.
doi:10.1371/journal.pone.0124286.t003
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Fig 3. Bland-Altman Plots and Levels of Agreement. A) BS (external); B) BS (neuromuscular); C) BS
(total); D) LMP; E) mid-pregnancy ultrasound; F) late-pregnancy ultrasound; G) linear SFHmodel; H)
sequential SFHmodel; I) Quickening; J) corrected LMP*. The continuous horizontal lines are average levels
Comparative Estimation of GA in Women from Rural Papua New Guinea
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remaining methods by F-measure was: LMP (0.35), SFH (linear model, 0.35), late-pregnancy
scan (0.34), Quickening (0.31), LMP (0.30), total BS (0.27), external BS (0.23) and neuromuscu-
lar BS (0.17). Therefore, mid-pregnancy USS is the most useful way to predict PTB in the absence
of early pregnancy USS, although an F-measure of 0.72 is only in the medium range. In the ab-
sence of ultrasound facilities, the best raw measure to predict PTB was LMP.
All clinical methods had a high negative predictive value (>0.96) to predict PTB, indicating
that there is a low probability that PTB infants are misclassified as being not PTB. However, pos-
itive predictive values were generally low, and consequently false classification of non-PTB in-
fants as being PTB occurred frequently. In the absence of ultrasound, the sequential SFHmodel
provided the highest positive predictive value (0.4), followed by the single SFHmodel (0.23).
Modelling
Multiple linear regression models were fitted on combinations of clinical measures as follows:
(a) LMP and SFH (linear); (b) LMP and total BS; (c) SFH (linear) and total BS; (d) LMP, SFH
of agreement. The dashed lines denote the 95% levels of agreement between the clinical estimators and the
reference method. R represents the Pearson correlation coefficient and p values indicate significance of the
parametric correlations. Significant trends are present in all comparisons, indicating significant variability in
the bias across the data range. The correlations are all positive, meaning that the clinical estimators tend to
further underestimate lower estimates of GA, which is demonstrated by the high number of PTB predicted by
most clinical methods (Table 4).
doi:10.1371/journal.pone.0124286.g003
Table 4. Sensitivity and Specificity of Clinical and Late Ultrasound Estimates of Gestational Age against Gold-Standard Ultrasound to Predict Pre-
term Birth in Comparison to the Reference Method (n = 688 with 5.2% (36) Diagnosed Preterm Birth).
Method (total number) % (n) Sensitivity Speciﬁcity PPV NPV Accuracy F-measure
BS(e)a (n = 623) 21.3 0.58 0.81 0.14 0.97 0.79 0.23
(133) (±0.17) (±0.03) (±0.06) (±0.01) (±0.04)
BS(n)a (n = 623) 8.2 0.23 0.93 0.14 0.96 0.89 0.17
(51) (±0.15) (±0.02) (±0.09) (±0.02) (±0.03)
BS(t)a (n = 623) 9.3 0.39 0.92 0.21 0.97 0.90 0.27
(58) (±0.17) (±0.02) (±0.10) (±0.01) (±0.03)
LMP (n = 672) 15.9 0.74 0.87 0.23 0.98 0.86 0.35
(107) (±0.15) (±0.03) (±0.08) (±0.01) (±0.03)
Scan between 25 & 29 GW (n = 163) 8.0 0.89 0.97 0.62 0.99 0.96 0.72
(13) (±0.21) (±0.03) (±0.26) (±0.01) (±0.03)
Scan between 30 & 35 GW (n = 156) 15.4 0.83 0.87 0.21 0.99 0.87 0.34
(24) (±0.30) (±0.05) (±0.16) (±0.01) (±0.06)
SFH (linear model, n = 688l) 16.4 0.72 0.87 0.23 0.98 0.86 0.35
(113) (±0.15) (±0.03) (±0.08) (±0.01) (±0.03)
SFH (sequential model, n = 502l) 6.0 0.43 0.96 0.40 0.97 0.93 0.41
(30) (±0.18) (±0.02) (±0.18) (±0.02) (±0.02)
Quickening (n = 84) 25.0 0.80 0.78 0.19 0.98 0.79 0.31
(21) (±0.35) (±0.09) (±0.17) (±0.03) (±0.10)
LMP*(n = 354) 23.2 0.94 0.80 0.18 1 0.81 0.30
(82) (±0.12) (±0.04) (±0.08) (±0.01) (±0.05)
Note: GW, gestational weeks; PPV, positive predictive value; NPV, negative predictive value. Please refer to Table 1 for abbreviations of the clinical
methods. Numbers in parentheses under sensitivity, speciﬁcity, PPV, NPV and accuracy are 95% conﬁdence intervals.
a 97.4% (607) obtained within 72 hours of delivery; BS(e), external Ballard Score, BS(n), neuromuscular Ballard Score; LMP, last menstrual period; LMP*,
corrected last menstrual period based on PNG guidelines; SFH, symphysis-pubis fundal height.
doi:10.1371/journal.pone.0124286.t004
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(linear) and total BS; (e) LMP and SFH (sequential); (f) LMP and total BS. In order to select
the best model for predicting gestational age at delivery, 10-fold cross-validation was first
carried out on each of the regression models after which model (b) was excluded due to a re-
sulting overall mean square error of 99.8 which was much higher than that of the other models
(Table 5, mean square error: 69.1–77.5). The mean square error is used to assess the fit of linear
regression models to avoid overfitting. The remaining regression models were then ranked ac-
cording to the F-measure to assess predictive performance in detecting PTB. The LMP/SFH
model, that is model (a), performed the best (F-measure: 0.58) compared to the other models
(Table 5, F-measure: 0.18–0.54). The sensitivity and specificity of the six regression models for
predicting PTB are presented in Table 5.
Of the 672 women included in the LMP/SFH model, 21 (3.1%) were classified as PTB.
Unlike the clinical and ultrasound measures in Table 4, the LMP/SFH regression model had
Fig 4. Receiver Operating Characteristic Space for Mid- and Late-Pregnancy USS and Clinical Estimators to Predict PTB.Note that the insets are
magnifications of the regions of interest (outlined by the dotted lines). The solid gray lines with gray numbering are the F-measure isolines in the receiver
operating characteristic space. BS(e): external BS; BS(n): neuromuscular BS; BS(t): total BS; LMP: last menstrual period; mid-scan: mid-pregnancy USS;
late-scan: late-pregnancy USS; 1x SFH: linear SFHmodel; 3x SFH: sequential SFHmodel; LMP/SFH: LMP/SFHmodel; LMP*: corrected LMP according to
PNG guidelines.
doi:10.1371/journal.pone.0124286.g004
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a negative trend in the bias as shown in the Bland-Altman plot (S3 Fig), with a mean bias of 0
and 95% limits of agreement of (-17, 17) leading to a reduced sensitivity but increased specifici-
ty to predict PTB and a better overall performance as determined by the F-measure. The intra-
class correlation between GA by the reference ultrasound and that predicted by the LMP/SFH
model was 0.11 (standard error = 1.26), while the corresponding concordance correlation coef-
ficient was 0.65 (standard error = 0.02).
The LMP/SFH (linear), that is model (a), exhibited negative/positive predictive values of
0.97 and 0.76, respectively, a considerable improvement in comparison to the established
methods. However, this approach requires further validation through application to other data
sets. The resulting formula to calculate GA using the best performing model (a) was
GAðdaysÞ ¼ 145:04þ 0:07 LMP þ 0:40 SFH ð2Þ
A figure with predicted GA frequency as well as the Bland-Altman and correlation plots can
be found in the Supporting Material (S3 Fig).
Discussion
This is the first published study to comprehensively assess a range of established methods to es-
timate GA for agreement with early-pregnancy fetal biometry in a cohort of pregnant women
from rural PNG. On average, estimators predicted GA to within one week of the USS reference.
However, methods differed greatly in their capability to predict PTB, owing to the fact that the
bias in the agreement was subject to significant variation with GA: for lower average GA the
bias was generally negative, meaning that the clinical estimator further underestimated GA,
thereby decreasing the sensitivity and positive predictive value for PTB. Although some meth-
ods performed better than others, their performance to detect PTB is inadequate. However,
most methods had high specificity and negative predictive value, and can be still be used to ex-
clude PTB.
We show that mid-pregnancy USS is by far the best available alternative to detect and rule out
PTB (sensitivity 0.89, specificity 0.97, F-measure 0.72), suggesting that fetal biometry remains
Table 5. Multiple Regression Models and Performance in Predicting Gestational Age and Preterm Birth.
Regression model; total number % (n) MSE Sensitivity Speciﬁcity PPV NPV Accuracy F
(a) LMP and SFH (linear); n = 672 3.1 75.4 0.47 0.99 0.76 0.97 0.97 0.58
(21) (±0.17) (±0.007) (±0.18) (±0.01) (±0.01)
(b) LMP and total BS; n = 608 0.5 99.8 0.10 1 1 0.96 0.96 0.18
(3) (±0.10) (±0) (±0) (±0.02) (±0.02)
(c) SFH (linear) and total BS; n = 623 2.1 69.3 0.35 0.99 0.84 0.97 0.96 0.50
(13) (±0.2) (±0.004) (±0.20) (±0.01) (±0.01)
(d) LMP, SFH (linear) and total BS; n = 608 2.3 69.1 0.40 0.99 0.86 0.97 0.97 0.54
(14) (±0.18) (±0.004) (±0.18) (±0.01) (±0.01)
(e) LMP and SFH (sequential); n = 491 1.63 77.5 0.22 0.99 0.75 0.96 0.95 0.34
(8) (±0.16) (±0.006) (±0.30) (±0.02) (±0.02)
(f) LMP* and total BS; n = 301 0.7 72.5 0.15 1 1 0.96 0.96 0.27
(2) (±0.20) (±0) (±0) (±0.02) (±0.02)
Note: GW, gestational weeks; LMP, last menstrual period; LMP*, corrected last menstrual period based on PNG guidelines; SFH, symphysis-pubis fundal
height; BS, Ballard Score PPV, positive predictive value; NPV, negative predictive value; F, F-measure. Numbers in parentheses under sensitivity,
speciﬁcity, PPV, NPV and accuracy are 95% conﬁdence intervals. The mean square error (MSE) assesses the ﬁt of the regression models used to predict
gestational age while sensitivity, speciﬁcity, PPV, NPV, accuracy and F-measure are measures of performance in predicting PTB.
doi:10.1371/journal.pone.0124286.t005
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a reasonable option to estimate GA should scanning facilities be available and women first pres-
ent between 24 and 30 gestational weeks. However, such mid-pregnancy scans inevitably overes-
timate PTB due to early fetal growth restriction. Non-ultrasound estimators of GA with the best
diagnostic performance included the sequential SFH approach byWhite et al. and LMP (F-
measures of 0.41 and 0.35, respectively) [13]. These methods may be used when ultrasound is
unavailable, but their performance to correctly diagnose PTB is suboptimal. We only collected a
maximum of three fundal height measurements (instead of an average of nine in the original
study byWhite et al), which may explain why the sequential SFHmodel performed less con-
vincingly in our study. Performance may improve when more SFHmeasurements are included,
which would require an increase in the number of antenatal visits: at present most women in
PNG will attend four times at most. Estimating GA from LMP requires good maternal recall of
dates and cycle characteristics, which may be a function of literacy (although this did not appear
to be an important explanatory factor in this cohort—data not shown) [29]. More importantly,
health workers are required to enquire appropriately about LMP [30]: the strong tendency of
LMP to overestimate PTB may be due to women reporting (and health workers establishing) the
first missed period, rather than LMP. Other studies, such as the one by Rosenberg and colleagues
in Bangladesh have found that LMP is a reasonably reliable predictor of PTB [32]. When we eval-
uated LMP correction by SFH and quickening for 20–35 cm SFH at enrolment, as recommended
by PNG guidelines, the predictive capability of the composite for PTB did not improve.
BS did not perform well for PTB prediction, although it may retain some utility for ruling
out PTB. There was no difference in bias and levels of agreement for the total BS measured
within 12 hr of birth and those measured later (mean bias: 6 vs. 4 days respectively; 95% CI:
34 days, for both). However, when stratifying measured GA and bias according to assessor
(n = 27), there were significant differences in estimates of some health workers (S4 Fig). This
suggests that inter-assessor differences may partly explain the poor performance of BS in this
study, despite extensive training provided as part of the parent trial. Previous research from
PNG indicated that the Dubowitz score may be of use [34]: however, 95% confidence intervals
for GA predictions were wider (±3.6 weeks) compared to the original study (± 2 weeks) and
similar to those we observed [15,34]. The usefulness of the BS was also shown to be limited in
other low-income settings [7,35], although this is not a unanimous finding [32,36]. There is
now increasing evidence to suggest that postnatal maturational assessments have a limited role
for GA estimation in developing country settings and should not be used exclusively when aim-
ing to evaluate causes of low birthweight [37].
In addition to evaluating established methods of GA estimation, we assessed the perfor-
mance of a range of linear combinations of GA estimators. The precision of clinical estimators
of GA to predict PTB is improved when used in combination, and use of estimates derived
from such regression models may be preferable, for example, over sequential SFH and LMP
alone. The model combining LMP and linear SFH provided the best estimates for PTB (using
F-measure as the indicator of overall performance) and it performed better than the sequential
SFH model and LMP, but not mid-pregnancy biometry. However, the model needs to be vali-
dated on other datasets in order to assess its robustness and potential clinical usefulness. For
research purposes, our approach may be applied when datasets are incomplete and fetal bio-
metric measurements need to be estimated for a fraction of study participants. As it stands
however, the role of this model with regards to accurately detecting PTB is limited (sensitivity
0.47), yet may be useful for the exclusion of PTB cases (specificity 0.99).
The present study is subject to substantial limitations. Firstly, only a small number of preg-
nancies (3%) could be dated by first trimester ultrasound as a result of the high prevalence of
late presentation to antenatal clinic in this area of PNG [21,26], and therefore reference ultra-
sound dating was extended to include biometric measurements taken up until 24 gestational
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weeks. Although this is a valid alternative and accepted practice, error margins inevitably in-
crease with advancing GA [6,38]. In addition, fetal growth restriction in early pregnancy could
lead to underestimation of GA, and hence overestimation of PTB [39]: some women in the co-
hort were parasitaemic and anaemic at enrolment, which may have affected the accuracy of ul-
trasound pregnancy dating [40]. Secondly, we used dating standards largely derived from a
Caucasian population [6]. The role of ethnicity in early fetal growth is subject of ongoing de-
bate [38]; in the absence of locally derived dating standards, use of a frequently used dating
standard was the best available alternative. Thirdly, due to lack of resources we were unable
to perform in-depth intra- or inter-observer variation analyses. However, all clinical staff had
formal training and additionally underwent biannual refresher training. We believe that the
results of our study are, at a minimum reflective of, if not better than, the realities of clinical
practice in most rural areas of PNG. Although the cohort size of 688 women is considerable,
unavailability of complete data for some estimates (especially quickening) limited the number
of data points available for some analyses. Lastly, recruitment criteria of the parent trial (e.g.,
SFH<26 cm) may affect generalisability of our findings to the wider population of pregnant
women in rural PNG, given late presentation to antenatal clinic is common [26].
In conclusion, clinical methods, in particular BS, were of limited use in assessing PTB in
PNG. LMP retains some clinical utility and estimates based on LMPmay improve with increas-
ing literacy and further training of health workers. Mid-pregnancy fetal biometry is useful, but
confounded by early fetal growth restriction. The LMP/SFH regression model developed in the
present study may be applied clinically and/or to data sets lacking reliable estimates of GA, but
this approach needs further validation. Our findings suggest that in order to accurately deter-
mine GA at delivery in low resource settings (whether for clinical or research purposes) we are
left with two principal options: to increase the availability of obstetric ultrasound and encour-
age early presentation; or to develop new, simple, measures of GA, a need that has been recent-
ly identified as target area of research [41]. Antenatal ultrasound was found acceptable in other
low and middle-income countries contexts (not formally assessed in our cohort) [9], and high-
quality scans can be performed by locally-trained health workers [8]. This indicates that the
careful and culturally appropriate introduction of ultrasound may be the way forward; whether
this goes beyond estimating GA and results in improved care and pregnancy outcomes in such
settings remains unclear [42].
Supporting Information
S1 Fig. Frequency Histograms of Estimated Gestational Age (GA) at Delivery for the As-
sessed Clinical Estimators. A) BS (external); B) BS (neuromuscular); C) BS (total); D) LMP;
E) Reference USS; F) mid-pregnancy scan; G) late pregnancy scan; H) linear SFH model; I) se-
quential SFH model; J) Quickening; K) LMP. Histogram bins are in weeks (7 days). Continu-
ous lines denote medians and dashed lines denote 5% and 95% centiles
(TIF)
S2 Fig. Plots Illustrating the Correlations between the Reference Ultrasound Method and
the Clinical Estimators for GA at delivery. A) BS (external); B) BS (neuromuscular); C) BS
(total); D) LMP; E) mid-pregnancy scan; F) late pregnancy scan; G) linear SFH model; H) se-
quential SFH model; I) Quickening; J) LMP. The continuous lines are lines of identity and
dashed lines are the best fit curves of the orthogonal regression analysis. Although all measures
are highly correlated with the reference method, levels of agreement and concordance are
generally poor.
(TIF)
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S3 Fig. LMP/SFHModel Developed in the Present Study. Panel A shows a histogram of the
distribution of GA estimates by the novel model. Panel B shows the Bland-Altman plot show-
ing mean bias and confidence levels of agreement between the new model and the reference ul-
trasound. Panel C shows the concordance plot with the orthogonal regression line.
(TIF)
S4 Fig. Ballard Scores (total BS) Stratified by Assessor. Panel A: Gestational Age by total BS;
Panel B: Bias between reference early pregnancy ultrasound and total BS by assessor. Only data
for assessors with more than 20 measurements is shown. The red box-and-whiskers chart on
the left represents the entire study population. Bias estimates for some assessors deviated sig-
nificantly from the population median (Mann-Whitney Test) indicating variable performance
of the assessors.
(TIF)
S1 Table. Linear regression parameters for average GA vs bias from the Bland-Altman anal-
yses.
(DOCX)
Acknowledgments
We would like to thank the women and the clinical teams at the PNGIMR and participating
health centres. Particular thanks go to Anna Samuel, Desmond Sui, Kaiser Meanung, Dr Jane
Walker and Professor Peter Siba. This research was supported by the Malaria in Pregnancy
Consortium (Bill & Melinda Gates Foundation grant number 46099); Pfizer Inc (investigator-
initiated research grant WS394663), a PNGIMR Internal Competitive Research Award to MO,
and the Pregvax Consortium, through a grant from the European Union’s Seventh Framework
Programme FP7-2007-HEALTH (PREGVAX 201588). SK is supported through an NHMRC
early career fellowship (#1052960), and IM received an NHMRC Senior Research Fellowship
(#1043345).
Author Contributions
Conceived and designed the experiments: SJR IMMOHWU SK. Performed the experiments:
MO RWHWU. Analyzed the data: SK HWU CSNLWSMO RW LW IM. Wrote the paper: SK
HWU CSNLWSMO GM LW RW SJR IM.
References
1. IOM (2009) Weight gain during pregnancy. Washington, DC: The National Academies Press.
2. Roberts D, Dalziel S (2006) Antenatal corticosteroids for accelerating fetal lung maturation for women
at risk of preterm birth. Cochrane Database Syst Rev: CD004454. PMID: 16856047
3. Rijken MJ, De Livera AM, Lee SJ, Boel ME, Rungwilailaekhiri S, Wiladphaingern J, et al. (2014) Quanti-
fying Low Birth Weight, Preterm Birth and Small-for-Gestational-Age Effects of Malaria in Pregnancy: A
Population Cohort Study. PLoS One 9: e100247. doi: 10.1371/journal.pone.0100247 PMID: 24983755
4. Kramer MS (1987) Determinants of low birth weight: methodological assessment and meta-analysis.
Bull World Health Organ 65: 663–737. PMID: 3322602
5. Umbers AJ, Aitken EH, Rogerson SJ (2011) Malaria in pregnancy: small babies, big problem. Trends
Parasitol 27: 168–175. doi: 10.1016/j.pt.2011.01.007 PMID: 21377424
6. Loughna P, Chitty L, Evans T, Chudleigh T (2009) Fetal size and dating: charts recommended for clini-
cal obstetric practice. Ultrasound 17: 161–167.
7. Wylie BJ, Kalilani-Phiri L, Madanitsa M, Membe G, Nyirenda O, Mawindo P, et al. (2013) Gestational
age assessment in malaria pregnancy cohorts: a prospective ultrasound demonstration project in Ma-
lawi. Malar J 12: 183. doi: 10.1186/1475-2875-12-183 PMID: 23734718
Comparative Estimation of GA in Women from Rural Papua New Guinea
PLOS ONE | DOI:10.1371/journal.pone.0124286 May 6, 2015 15 / 17
8. Rijken MJ, Lee SJ, Boel ME, Papageorghiou AT, Visser GH, Dwell SL, et al. (2009) Obstetric ultra-
sound scanning by local health workers in a refugee camp on the Thai-Burmese border. Ultrasound
Obstet Gynecol 34: 395–403. doi: 10.1002/uog.7350 PMID: 19790099
9. Rijken MJ, Gilder ME, Thwin MM, Ladda Kajeechewa HM, Wiladphaingern J, Lwin KM, et al. (2012)
Refugee and migrant women's views of antenatal ultrasound on the Thai Burmese border: a mixed
methods study. PLoS One 7: e34018. doi: 10.1371/journal.pone.0034018 PMID: 22514615
10. Schmiegelow C, Scheike T, Oesterholt M, Minja D, Pehrson C, Magistrado P, et al. (2012) Develop-
ment of a fetal weight chart using serial trans-abdominal ultrasound in an East African population: a
longitudinal observational study. PLoS One 7: e44773. doi: 10.1371/journal.pone.0044773 PMID:
23028617
11. LaGrone LN, Sadasivam V, Kushner AL, Groen RS (2012) A review of training opportunities for ultraso-
nography in low and middle income countries. Trop Med Int Health 17: 808–819. doi: 10.1111/j.1365-
3156.2012.03014.x PMID: 22642892
12. Anchang-Kimbi JK, Achidi EA, Apinjoh TO, Mugri RN, Chi HF, Tata RB, et al. (2014) Antenatal care
visit attendance, intermittent preventive treatment during pregnancy (IPTp) and malaria parasitaemia at
delivery. Malar J 13: 162. doi: 10.1186/1475-2875-13-162 PMID: 24779545
13. White LJ, Lee SJ, Stepniewska K, Simpson JA, Dwell SL, Arunjerdja R, et al. (2012) Estimation of ges-
tational age from fundal height: a solution for resource-poor settings. J R Soc Interface 9: 503–510.
doi: 10.1098/rsif.2011.0376 PMID: 21849388
14. De Beaudrap P, Turyakira E, White LJ, Nabasumba C, Tumwebaze B, Muehlenbachs A, et al. (2013)
Impact of malaria during pregnancy on pregnancy outcomes in a Ugandan prospective cohort with in-
tensive malaria screening and prompt treatment. Malar J 12: 139. doi: 10.1186/1475-2875-12-139
PMID: 23617626
15. Dubowitz L (1969) Assessment of gestational age in newborn: a practical scoring system. Arch Dis
Child 44: 782. PMID: 5390531
16. Ballard JL, Khoury JC, Wedig K, Wang L, Eilers-Walsman BL, Lipp R (1991) New Ballard Score, ex-
panded to include extremely premature infants. J Pediatr 119: 417–423. PMID: 1880657
17. Blencowe H, Cousens S, Chou D, Oestergaard M, Say L, Moller AB, et al. (2013) Born too soon: the
global epidemiology of 15 million preterm births. Reprod Health 10 Suppl 1: S2. doi: 10.1186/1742-
4755-10-S1-S2 PMID: 24625129
18. Bolnga JW, Hamura NN, Umbers AJ, Rogerson SJ, Unger HW (2014) Insights into maternal mortality
in Madang Province, Papua New Guinea. Int J Gynaecol Obstet 124: 123–127. doi: 10.1016/j.ijgo.
2013.08.012 PMID: 24268715
19. Jimmy S, Kemiki AD, Vince JD (2003) Neonatal outcome at Modilon Hospital, Madang: a 5-year review.
P N GMed J 46: 8–15. PMID: 16450779
20. Kodikara H, Mitchell J, Ekeroma A, Stone P (2010) Evaluation of Pacific obstetric and gynaecological
ultrasound scanning capabilities, personnel, equipment and workloads. N Z Med J 123: 58–67. PMID:
20930913
21. Andrew EV, Pell C, Angwin A, Auwun A, Daniels J, Mueller I, et al. (2014) Factors affecting attendance
at and timing of formal antenatal care: results from a qualitative study in Madang, Papua NewGuinea.
PLoS One 9: e93025. doi: 10.1371/journal.pone.0093025 PMID: 24842484
22. Vallely LM, Homiehombo P, Kelly AM, Vallely A, Homer CS, Whittaker A (2013) Exploring women's per-
spectives of access to care during pregnancy and childbirth: a qualitative study from rural Papua New
Guinea. Midwifery 29: 1222–1229. doi: 10.1016/j.midw.2013.03.011 PMID: 23684099
23. Primhak RA, MacGregor DF (1989) Simple maturity classification of the newborn infant. Ann Trop Pae-
diatr 9: 65–69. PMID: 2473703
24. Allen SJ, Raiko A, O'Donnell A, Alexander ND, Clegg JB (1998) Causes of preterm delivery and intra-
uterine growth retardation in a malaria endemic region of Papua New Guinea. Arch Dis Child Fetal Neo-
natal Ed 79: F135140. PMID: 9828741
25. Mueller I, Rogerson S, Mola GD, Reeder JC (2008) A review of the current state of malaria among preg-
nant women in Papua New Guinea. P N GMed J 51: 12–16. PMID: 19999304
26. Unger HW, Ome-Kaius M, Wangnapi RA, Umbers AJ, Hanieh S, Suen CS, et al. (2015) Sulphadoxine-
pyrimethamine plus azithromycin for the prevention of low birthweight in Papua New Guinea: a rando-
mised controlled trial. BMCMed 13: 9. doi: 10.1186/s12916-014-0258-3 PMID: 25591391
27. Unger HW, Karl S,Wangnapi RA, Siba P, Mola G,Walker J, et al. (2014) Fetal Size in a Rural Melanesian
Population with Minimal Risk Factors for Growth Restriction: An Observational Ultrasound Study from
Papua NewGuinea. Am J Trop Med Hyg 92: 178–186. doi: 10.4269/ajtmh.14-0423 PMID: 25385863
28. Hadlock FP, Deter RL, Harrist RB, Park SK (1984) Estimating fetal age: computer-assisted analysis of
multiple fetal growth parameters. Radiology 152: 497–501. PMID: 6739822
Comparative Estimation of GA in Women from Rural Papua New Guinea
PLOS ONE | DOI:10.1371/journal.pone.0124286 May 6, 2015 16 / 17
29. Verhoeff FH, Milligan P, Brabin BJ, Mlanga S, Nakoma V (1997) Gestational age assessment by nurses
in a developing country using the Ballard method, external criteria only. Ann Trop Paediatr 17: 333–342.
PMID: 9578793
30. NDOH (2012) Manual of Standard Managements in Obstetrics and Gynaecology for Doctors, H.E.O.s
and Nurses in Papua New Guinea. Port Moresby: National Department of Health.
31. Team RDC (2014) A Language and Environment for Statistical Computing.: R Foundation for Statistical
Computing, Vienna, Austria. PMID: 18000755
32. Rosenberg RE, Ahmed AS, Ahmed S, Saha SK, Chowdhury MA, Black RE, et al. (2009) Determining
gestational age in a low-resource setting: validity of last menstrual period. J Health Popul Nutr 27:
332–338. PMID: 19507748
33. Bland JM, Altman DG (1999) Measuring agreement in method comparison studies. Stat Methods Med
Res 8: 135–160. PMID: 10501650
34. Primhak R, Lun L, Pakule C, Macgregor D (1989) Gestational assessment of the newborn Melanesian
infant. P N GMed J 32: 109–111. PMID: 2816070
35. Taylor RA, Denison FC, Beyai S, Owens S (2010) The external Ballard examination does not accurate-
ly assess the gestational age of infants born at home in a rural community of The Gambia. Ann Trop
Paediatr 30: 197–204. doi: 10.1179/146532810X12786388978526 PMID: 20828452
36. Feresu SA (2003) Does the modified Ballard method of assessing gestational age perform well in a
Zimbabwean population? Cent Afr J Med 49: 97–103. PMID: 15298463
37. Rijken MJ, Rijken JA, Papageorghiou AT, Kennedy SH, Visser GH, Nosten F, et al. (2011) Malaria in
pregnancy: the difficulties in measuring birthweight. BJOG 118: 671–678. doi: 10.1111/j.1471-0528.
2010.02880.x PMID: 21332632
38. Salpou D, Kirserud T, Rasmussen S, Johnsen S (2008) Fetal age assessment based on 2nd trimester
ultrasound in Africa and the effect of ethnicity. BMC Pregnancy Childbirth 8: 48. doi: 10.1186/1471-
2393-8-48 PMID: 18973673
39. Thorsell M, Kaijser M, Almstrom H, Andolf E (2008) Expected day of delivery from ultrasound dating
versus last menstrual period—obstetric outcome when dates mismatch. BJOG 115: 585–589. doi: 10.
1111/j.1471-0528.2008.01678.x PMID: 18333938
40. Rijken MJ, Papageorghiou AT, Thiptharakun S, Kiricharoen S, Dwell SL, Wiladphaingern J, et al.
(2012) Ultrasound evidence of early fetal growth restriction after maternal malaria infection. PLoS One
7: e31411. doi: 10.1371/journal.pone.0031411 PMID: 22347473
41. Foundation BaMG (2014) Explore NewWays to Measure Brain Development and Gestational Age.
42. McClure EM, Nathan RO, Saleem S, Esamai F, Garces A, Chomba E, et al. (2014) First look: a cluster-
randomized trial of ultrasound to improve pregnancy outcomes in low income country settings. BMC
Pregnancy Childbirth 14: 73. doi: 10.1186/1471-2393-14-73 PMID: 24533878
Comparative Estimation of GA in Women from Rural Papua New Guinea
PLOS ONE | DOI:10.1371/journal.pone.0124286 May 6, 2015 17 / 17
